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A steeper fall of fusion excitation function, compared to the predictions of coupled-channels
models, at energies below the lowest barrier between the reaction partners, is termed as deep sub-
barrier fusion hindrance. This phenomenon has been observed in many symmetric and nearly-
symmetric systems. Different physical origins of the hindrance have been proposed. This work aims
to study the probable effects of direct reactions on deep sub-barrier fusion cross sections. Fusion
(evaporation residue) cross sections have been measured for the system 19F+181Ta, from above the
barrier down to the energies where fusion hindrance is expected to come into play. Coupled-channels
calculation with standard Woods-Saxon potential gives a fair description of the fusion excitation
function down to energies ≃ 14% below the barrier for the present system. This is in contrast
with the observation of increasing fusion hindrance in asymmetric reactions induced by increasingly
heavier projectiles, viz. 6,7Li, 11B, 12C and 16O. The asymmetric reactions, which have not shown
any signature of fusion hindrance within the measured energy range, are found to be induced by
projectiles with lower α break-up threshold, compared to the reactions which have shown signatures
of fusion hindrance. In addition, most of theQ-values for light particles pick-up channels are negative
for the reactions which have exhibited strong signatures of fusion hindrance, viz. 12C+198Pt and
16O+204,208Pb. Thus, break-up of projectile and particle transfer channels with positive Q-values
seem to compensate for the hindrance in fusion deep below the barrier. Inclusion of break-up and
transfer channels within the framework of coupled-channels calculation would be of interest.
PACS numbers: 24.10.Eq, 24.50.+g, 25.70.Jj
Fusion between two nuclei at near barrier energies have
been studied quite extensively in last few decades [1–4].
Fusion cross sections (σfus) have been found to be en-
hanced at sub-barrier energies in comparison with the
predictions of one-dimensional barrier penetration model
(1D-BPM). Coupling between the relative motion in the
entrance channel, the intrinsic degrees of freedom of the
participating nuclei and nucleon transfer channels has
been invoked to explain the measured fusion excitation
functions. Extending the measurements towards lower
energies has immense astrophysical significance as accu-
rate knowledge of the reaction rates at very low energies
might aid in answering some of the open questions in big
bang nucleosynthesis.
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Jiang et al. [5] had first observed a steeper fall of σfus at
deep sub-barrier energies in the reaction 60Ni+89Y, which
could not be explained by the coupled-channels (CC)
calculation with standard potential parameters. Sub-
sequently, similar observations have been reported for
many other symmetric and nearly-symmetric light [6, 7],
medium-light [8–17] and medium-heavy [18–22] systems
with some exceptions [9, 14, 16, 22–25]. Two differ-
ent representations of measured σfus have been proposed
to conclude about fusion hindrance without recourse to
model predictions: (a) the logarithmic derivative of the
energy-weighted cross section [5], viz.,
L(Ec.m.) =
d[ln(Ec.m.σ)]
dEc.m.
=
1
Ec.m.σ
d(Ec.m.σ)
dEc.m.
(1)
and (b) the astrophysical S-factor [18], viz.,
S(Ec.m.) = Ec.m.σ(Ec.m.) exp(2πη). (2)
Here Ec.m. and η are the energy available in the centre
of mass (c.m.) frame of reference and the Sommerfeld
parameter, respectively. Observation of continuous in-
crease of L(Ec.m.) with decreasing Ec.m. and a maximum
2of S(Ec.m.) is considered the clearest signatures of deep
sub-barrier fusion hindrance.
A threshold energy has been worked out from system-
atics [26], below which fusion hindrance is expected to be
observed:
Es(ζ) = 0.356 ζ
2
3 MeV; (3)
Ls(ζ) = 2.33 MeV
−1, (4)
where ζ = ZpZt
√
ApAt
Ap+At
is a parameter characterizing
the size of the colliding system; Zp (Zt) and Ap (At)
being the atomic and the mass number of the projectile
(target), respectively.
A host of different theoretical approaches has been at-
tempted to explain the observed change of slope of the fu-
sion excitation functions at energies deep below the bar-
rier. Mis¸icu and Esbensen [27, 28] constructed an ion-ion
potential by double-folding method and added a repul-
sive core arising from nuclear incompressibility. Contrary
to this sudden approach, Ichikawa et al. [29–31] pro-
posed a smooth transition from sudden to adiabatic po-
tential, as the densities of the participating nuclei begin
to overlap, by imposing a damping factor on the coupling
strength. Dasgupta et al. [32] suggested that the CC for-
malism may itself be inadequate at very low energies and
a gradual onset of quantum decoherence need to be con-
sidered. A concise review of all the theoretical investiga-
tions on deep sub-barrier fusion hindrance can be found
in Ref. [3]. Ichikawa and Matsuyanagi [33] has also ar-
gued that damping of quantum vibration in the reaction
partners near the touching point is a universal mecha-
nism which is causing hindrance to fusion deep below
the barrier. Pauli exclusion principle has recently been
included in the computation of the bare potential in a
new microscopic approach called the density-constrained
frozen Hartree-Fock method [34]. Pauli repulsion has
been shown to reduce the tunneling probability, thus,
offering partial explanation of observed hindrance to fu-
sion.
Two different experimental techniques have been
adopted to measure σfus at sub-µb levels. In the online
technique, fusion products, i.e. the evaporation residues
(ERs), are separated by an electromagnetic recoil sepa-
rator and detected at a background-free site, usually the
focal plane of the separator [19]. This technique, though
direct and elegant, demands higher recoil energies of the
ERs for their efficient detection. Consequently, fusion
reactions between relatively lighter projectiles on heav-
ier targets, in which ERs do not possess sufficient recoil
energy, are difficult to study experimentally. The diffi-
culty may be overcome in the off-beam characteristic γ-
ray counting technique [35]. Measurements of σfus deep
below the barrier have, so far, been reported for only
a handful of asymmetric reactions primarily because of
challenging experimental conditions.
Results from asymmetric reactions seem to suggest
that fusion hindrance becomes increasingly significant
with increasing mass and charge of the projectiles. The
reactions 6,7Li+198Pt [36, 37] showed no signs of fusion
hindrance. Weak signature of fusion hindrance has re-
cently been reported for the reaction 11B+197Au [38].
The reaction 12C+198Pt [37] exhibited clear sign of fu-
sion hindrance. Significant hindrance to fusion had been
reported in case of 16O+204,208Pb [32]. In all of these
reactions measurement has been extended close to or be-
low the threshold energy (see Table I), given by Eq. 3.
One would, thus, expect to observe fusion hindrance in
reactions between projectiles heavier than 16O and heavy
targets, below the threshold energy.
To investigate further the role of projectile mass and
charge in fusion hindrance in asymmetric reactions, we
extended the measurement of ER cross sections (σER)
for the system 19F+181Ta below the threshold energy.
Measurements of σER and σfiss for this reaction had been
reported earlier [39–42]. σfus, which is a sum of σER and
σfiss was reported by Nasirov et al. [43] in the range of
Elab = 80.0 –120.0 MeV. At Elab = 80 MeV, σfiss is a
negligible fraction of σfus. Hence, the σER, reported in
this work, can be taken as σfus for Elab < 80 MeV.
The experiment was carried out in two runs at the
15UD Pelletron accelerator facility of IUAC, New Delhi.
A pulsed 19F beam, with pulse separation of 4 µs, was
bombarded onto a 170 µg/cm2 thick 181Ta target on a 20
µg/cm2 natC backing. Measurements were performed at
beam energies (Elab) in the range of 73.7 –123.8 MeV us-
ing the Heavy Ion Reaction Analyzer (HIRA) [44]. ERs
formed in complete fusion of the reaction partners were
separated from orders-of-magnitude larger background
events by the HIRA. Two monitor detectors were placed
at laboratory angle (θlab) 15.5
◦ with respect to beam di-
rection, in the horizontal plane, inside the target chamber
for absolute normalization of σER. A thin (30 µg/cm
2)
natC foil was placed 10 cm downstream from the target
to reset ER charge states to equilibrium distribution. A
multi-wire proportional counter (MWPC), having an ac-
tive area of 15.0×5.0 cm2, was used to detect ERs at
the focal plane of the HIRA. A very thin (0.5 µm) mylar
foil was used as the entrance window of the MWPC, filled
with isobutane at 3 mbar pressure, to minimize loss of en-
ergy for ERs. The HIRA was operated at 0◦ with 10 msr
acceptance. Time interval between the arrival of a par-
ticle at the focal plane and the beam pulse was recorded
as a measure of ER time of flight (TOF). Yield of ERs
were extracted from the coincidence spectrum between
energy loss (∆E), obtained from the cathode of MWPC,
and TOF.
The most challenging aspect of measuring σfus in this
experiment was to identify the ERs unambiguously. It
is clearly observed from Fig. 1 that separating the ERs
from the scattered projectile-like particles becomes in-
creasingly challenging with decreasing Elab. Near the
barrier (Elab = 85.7 MeV), the ERs are clearly identified
(Fig. 1.(a)). At Elab = 73.7 MeV, ERs started merging
with the background (Fig. 1.(e)), thus setting the lower
energy limit in the present measurement. The other ma-
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FIG. 1. (Color online) Scatter plots between ∆E and TOF
of the events recorded at the focal plane of the HIRA for
19F+181Ta, from (a) Elab = 85.7 MeV
(
Ec.m.
VB
≃ 1.01
)
to (e)
Elab = 73.7 MeV
(
Ec.m.
VB
≃ 0.86
)
. VB is the Coulomb bar-
rier in c.m. frame of reference. ERs are enclosed within a
rectangular gate in each panel. See text for details.
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FIG. 2. (Color online) Measured σER and σfus, as a func-
tion of Ec.m., for the system
19F + 181Ta. Data points shown
with solid triangles had been reported by Charity et al. [41]
whereas experimental σfus were obtained from Ref. [43]. Re-
sults from CC model calculation are also shown. The vertical
arrow indicates position of the Coulomb barrier.
jor challenge was to estimate the transmission efficiency
of the HIRA (ǫHIRA) accurately, which is crucial for ex-
traction of absolute σER from data. ǫHIRA was calculated
using the semi-microscopic Monte Carlo code ters [45].
Details of the data analysis method can be found in Refs.
[46, 47].
The previously measured σfus and σER, along with data
from the present investigation are presented in Fig. 2.
One may note that data from this work match with data
from the earlier measurement within the experimental
uncertainties in the overlapping energy region. The ex-
perimental fusion excitation function has also been com-
pared with the predictions of the coupled-channels code
ccfull [48] in Fig. 2. In the calculation, Woods-Saxon
potential parameters, viz. depth (V0), radius (r0) and
diffuseness (a), were chosen as 104.5 MeV, 1.12 fm and
0.70 fm, respectively, so as to reproduce the excitation
function above the barrier. The output with no coupling
configuration has been taken as the 1D-BPM cross sec-
tions. As both the target and the projectile are odd-even
nuclei, the deformation parameters have been taken as
the average of their neighboring even-even nuclei. It is
observed from Fig. 2 that couplings have very insignif-
icant effect at energies above the barrier and both 1D-
BPM and CC predictions match with the experimental
σfus. As energy decreases the 1D-BPM prediction starts
to underestimate the experimental data. The coupling to
the inelastic excitations of target and projectile describes
the data quite satisfactorily up to the lowest energy re-
ported in this work. Thus, no sign of fusion hindrance
compared to CC prediction has been observed in the mea-
sured energy range.
To amplify any possible discrepancy between the ex-
perimental and theoretical fusion excitation functions in
4the measured energy range, L(Ec.m.) has been plotted
in Fig. 3(a). It is noted that the CC predictions explain
the data quite satisfactorily throughout the measured en-
ergy range. No pronounced change of slope in the deep
sub-barrier energy region is observed. The double-dot-
dashed line represents the logarithmic derivative for a
constant S-factor, LCS(Ec.m.) =
piη
Ec.m.
[18]. We observe
that LCS(Ec.m.) curve lies much above the data and the
CC results. There is no cross-over between LCS(Ec.m.)
and L(Ec.m.), which is observed in systems exhibiting fu-
sion hindrance [12, 37]. The intersection between these
two curves is taken as the experimental threshold for fu-
sion hindrance. Therefore, no threshold of fusion hin-
drance is observed for the reaction 19F+181Ta till ≃ 12
MeV below the barrier (equivalent ≃ 0.86VB). S(Ec.m.)
has been plotted in Fig. 3(b). Neither the maximum
nor any saturation of the S-factor is observed within the
measured energy range.
We next compare the observations for the system
19F+181Ta with results of other asymmetric systems
mentioned earlier. The present reaction does not fol-
low the systematic observations of increasingly stronger
fusion hindrance with increasing mass and charge of
the projectile. The contrast between the systems
16O+204,208Pb and 19F+181Ta is particularly striking.
Hindrance to fusion starts showing up from ≃ 5 MeV
below the barrier (equivalently ≃ 0.94VB) for the
16O-
induced reaction, whereas no hindrance is observed even
≃ 12 MeV below the barrier (equivalently ≃ 0.86VB) for
the 19F-induced reaction.
Recent theoretical investigations [33, 34] point to the
generic nature of fusion hindrance deep below the barrier
and acknowledge (a) gradual onset of decoherence, (b)
transition from nucleus-nucleus sudden to one-nucleus
adiabatic potential and (c) Pauli repulsion as the prob-
able contributors in the phenomenon. In case of non-
observation of fusion hindrance in a particular reaction
one must, therefore, look into other factors which are
specific to that reaction.
Break-up of the projectile and presence of light parti-
cle transfer channels are known to affect fusion between
two nuclei. We note that the reactions showing no hin-
drance to fusion are induced by projectiles with low α-
particle break-up threshold: 1.474 MeV, 2.468 MeV and
4.013 MeV for 6Li, 7Li and 19F, respectively. On the
other hand, reactions exhibiting fusion hindrance are in-
duced by projectiles with much higher α-particle break-
up threshold: 8.665 MeV, 7.366 MeV and 7.162 MeV for
11B, 12C and 16O, respectively. n, 2n, p, 2p, 2H, 3H, 3He
and 4He pick-up transfer Q-values for the asymmetric re-
actions are presented in Table I. One may also note in
Table I that many of the particle transfer Q-values are
positive for the reactions showing no fusion hindrance,
viz. 6,7Li+198Pt and 19F+181Ta. On the contrary, the
reactions showing clearest signatures of fusion hindrance
i.e. 12C+198Pt and 16O+208Pb have all but one negative
particle transfer Q-values. We may, therefore, conclude
that presence of break-up and particle transfer channels
are aiding in sub-barrier fusion. The effects of fusion
hindrance, which is expected to be manifested in all re-
actions at energies below the threshold energy, appears
to have been compensated in the presence of these direct
reaction channels. A comprehensive theoretical investi-
gation is needed to strengthen and quantify this conclu-
sion.
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FIG. 3. (Color online) (a) The logarithmic derivative of the
energy-weighted cross section and (b) the astrophysical S-
factor, as a function of Ec.m., for the system
19F + 181Ta.
Results from CC model calculation are also shown. The
double-dot-dashed line in panel (a) represents the logarith-
mic derivative for a constant S-factor, LCS(Ec.m.).
In summary, we have measured σER for the reaction
19F+181Ta down to ≃ 14% below the barrier. As σfiss
had earlier been shown to be insignificant below the bar-
rier, σER measured in this work has been considered as
σfus at Elab < 80 MeV. CC calculation with standard
Woods-Saxon potential has reproduced σfus quite satis-
factorily. Thus, fusion hindrance has not been observed
in this reaction, though measurement has been extended
below the threshold energy. We have compared our ob-
servation with results from other asymmetric reactions.
It has been found that reactions induced by projectiles
with low α-particle break-up threshold and having many
light particles transfer channels with positive Q-values
did not show fusion hindrance even below the threshold
energy. On the other hand, reactions induced by strongly
bound projectiles and having most of the light particles
transfer channels with negative Q-values exhibited fusion
hindrance. This is in contradiction with the recent obser-
vation of increasingly stronger fusion hindrance in asym-
metric systems with increasing mass and charge of the
projectile. Extending the measurement deeper below the
barrier for 19F+181Ta and measuring σfus for more asym-
metric systems will strengthen our conclusion. CC cal-
culation including the effects of projectile break-up and
particle transfer to reproduce fusion excitation functions
deep below the barrier would complement the challenging
experimental efforts.
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5TABLE I. Details of the asymmetric systems considered in this work. Emin is the lowest energy in the c.m. frame of reference
at which measurement has been reported. QCN is the Q-value for compound nucleus formation. Qx is the pick-up transfer
Q-values, where x stand for n, 2n, p, 2p, 2H, 3H, 3He and 4He.
System ZpZt ζ VB Es Emin QCN Qn Q2n Qp Q2p Q2H Q3H Q3He Q4He
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
19F+181Ta 657 2724 77.9 69.4 66.7 -23.67 -0.98 0.48 6.90 1.32 6.27 10.53 5.59 11.99
16O+208Pb [32] 656 2529 77.0 66.1 68.7 -46.48 -3.22 -1.92 -7.40 -10.86 -5.11 -1.18 -5.95 5.25
16O+204Pb [32] 656 2527 77.3 66.0 68.7 -44.52 -4.25 -3.12 -6.04 -7.82 -4.74 -1.18 -3.94 6.70
12C+198Pt [37] 468 1574 56.0 48.2 47.0 -13.95 -2.61 -0.28 -6.99 -9.63 -3.33 1.69 -3.25 7.27
11B+197Au [38] 395 1275 47.4 41.9 37.9 5.00 -4.70 -6.47 10.17 3.87 7.20 9.27 7.20 11.96
7Li+198Pt [37] 234 608 28.5 25.6 19.3 8.82 -5.52 -7.31 8.33 0.86 3.09 4.09 2.46 8.77
6Li+198Pt [36] 234 565 28.9 24.3 19.6 8.53 -0.30 -4.12 -3.32 -10.46 8.68 4.53 1.28 4.57
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